Protein oxidation and proteolysis in RAW264.7 macrophages: effects of PMA activation  by Gieche, Jeanette et al.
Protein oxidation and proteolysis in RAW264.7 macrophages:
e¡ects of PMA activation
Jeanette Gieche, Jana Mehlhase, Anke Licht, Thomas Zacke, Nicolle Sitte,
Tilman Grune *
Neuroscience Research Center, Medical Faculty (Charite¤), Humboldt University Berlin, Schumannstr. 20/21, D-10098 Berlin, Germany
Received 10 January 2001; received in revised form 28 February 2001; accepted 1 March 2001
Abstract
Macrophages are stimulable cells able to increase the production of reactive oxygen and nitrogen species dramatically for a
short period of time. Free radicals and other oxidants are able to oxidize the intracellular protein pool. These oxidized
proteins are selectively recognized and degraded by the intracellular proteasomal system. We used the mouse macrophage-
like cell line RAW264.7 to test whether macrophagial cells are able to increase their protein turnover after oxidative stress
and whether this is accompanied by an increased protein oxidation. Macrophagial cells are particularly susceptible to bolus
additions of hydrogen peroxide and peroxynitrite. In further experiments we activated RAW264.7 cells with PMA to test
whether the production of endogenous oxidants has analogous effects. A clear dependence of the protein turnover and
protein oxidation on the oxidative burst could be measured. In further experiments the role of the proteasomal system in the
selective removal of oxidized proteins could be revealed exploring the proteasome specific inhibitor lactacystin. Therefore,
although oxidants are able to attack the intracellular protein pool in macrophages, these cells are able to remove oxidized
proteins selectively and protect the intracellular protein pool from oxidation. ß 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction
As a consequence of aerobic metabolism small £ux
rates of reactive oxygen species (ROS) such as hydro-
gen peroxide (H2O2), superoxide anion radical (O32 ),
nitric oxide (NO) and peroxynitrite (ONOO3) are
constantly generated in tissues and organs. Cellular
antioxidants act in concert to detoxify these mole-
cules but, when the balance of formation of pro-
oxidants and primary antioxidative defense is dis-
rupted, cells undergo oxidative stress. Under these
conditions take place lipid peroxidation, protein oxi-
dation, and DNA damage [1,2]. The result of inter-
action of oxidants with proteins is numerous oxida-
tively modi¢ed amino acid residues, e.g. dihydroxy-
phenylalanine, chlorotyrosine and nitrotyrosine [3].
These oxidative modi¢cations lead to partial protein
unfolding and loss of biological functions of proteins
[4].
Therefore, cells possess repair and removal systems
for oxidatively damaged proteins including heat
shock proteins, methionine sulfoxide reductases and
an intracellular degradation system for oxidized pro-
teins [4]. It was demonstrated in the past that protein
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oxidation is coupled with an increased intracellular
proteolysis and that this increase is due to a higher
£ux of oxidized proteins through the proteasomal
system [5^7]. Therefore, it was postulated that the
proteasomal system is responsible for the removal
of oxidatively modi¢ed intracellular proteins [4^7].
Methionine sulfoxide content and protein surface hy-
drophobicity were identi¢ed as key features in recog-
nition of oxidized proteins [8,9]. The turnover of oxi-
dized proteins produced by ROS was investigated in
various cell lines, like ¢broblasts, hepatocytes and
tumor cells [5^7,10,11]. On the other hand it is well
known that macrophagial cells are producing a large
quantity of ROS and other oxidants. Therefore, we
used the mouse macrophage cell line RAW264.7 to
test whether proteins of these cells are well protected
to oxidative stress and whether oxidative stress in
these cells is connected with an enhanced protein
turnover due to the proteasomal system. As oxidants
we decided to use hydrogen peroxide, superoxide,
NO and a combination of those. Furthermore we
used phorbol-12-myristate 13-acetate (PMA), a
known activator of the inducible membrane NADH
oxidase pathway, to generate ‘endogenous’ oxidative
stress and ¢nally to test whether the activation of
RAW cells is accompanied by the formation of oxi-
dized proteins.
2. Materials and methods
2.1. Cell culture
The mouse macrophage cell line RAW264.7 was
used. Cells were grown in RPMI medium (Biochrom)
supplemented with 10% bovine calf serum (Bio-
chrom) at 37‡C. Cells were plated, grown for 3 days
and re-cultivated. For experiments subcon£uent cells
(80%, 4U105 cells/cm2) were taken.
2.2. Oxidative treatment
RAW cells were washed with phosphate-bu¡ered
saline (PBS) and incubated with the indicated con-
centrations of di¡erent oxidants in PBS for 30 min at
37‡C. In the case of xanthine/xanthine oxidase sys-
tem 400 WM xanthine was added. After treatment the
oxidant was removed and new RPMI medium added.
2.3. Proteolysis measurement
To investigate the overall proteolysis, cells were
grown in 24 well plates. After several washing steps
with PBS methionine/cysteine-free RPMI medium
supplemented with [35S]methionine/cysteine (3U105
Bq/ml; approximately 43 TBq/mmol) was added for
12 h. Afterwards the non-incorporated label was re-
moved, cells were washed with PBS followed by ox-
idant treatment and adding of non-radiolabeled
RPMI medium. At various time points proteins
were precipitated by adding an equal volume of
20% trichloroacetic acid. To measure the acid-soluble
radioactivity this step was followed by centrifugation
(14 000 rpm for 15 min) at 4‡C. The supernatant was
analyzed for radioactivity by liquid scintillation
counting. The acid-soluble counts were calculated
as: (acid-soluble radioactivity3background radioac-
tivity)U100/(total radioactivity3background radio-
activity) and this value was taken as a measure for
proteolysis.
2.4. Protein carbonyl measurement
Protein carbonyl concentrations were determined
in cell lysates (4 mg protein/ml) using the enzyme-
linked immunosorbent assay (ELISA) described by
Buss et al. [12] and modi¢ed by Sitte et al. [7]. Car-
bonyl detection was performed by means of anti-di-
nitrophenyl rabbit IgG antiserum as primary anti-
body and a monoclonal anti-rabbit IgG antibody,
conjugated with horseradish peroxidase (Sigma, De-
isenhofen, Germany). As developing reagent was
used o-phenylenediamine. Absorbance was measured
at 492 nm.
2.5. Proteasome activity
Cells were harvested by scraping, washed twice
with PBS and lysed in 250 mM sucrose, 25 mM
HEPES pH 7.8, 10 mM MgCl2 and 1 mM EDTA
by repeated freezing and thawing cycles. To remove
non-lysed cells, nuclei and other membrane struc-
tures the lysates were centrifuged at 14 000 rpm at
4‡C for 30 min. The supernatant was incubated in a
bu¡er consisting of 150 mM Tris (pH 7.8), 5 mM
magnesium acetate, 5 mM MgCl2, 30 mM KCl and
1 mM dithiothreitol. To start the reaction 200 WM
BBAMCR 14742 17-4-01
J. Gieche et al. / Biochimica et Biophysica Acta 1538 (2001) 321^328322
suc-LLVY-MCA was added. The sample was incu-
bated for 30 min at 37‡C. The hydrolysis of suc-
LLVY-MCA was stopped with an equal volume of
ice-cold ethanol. The samples were diluted in 125
mM borate bu¡er (pH 9.0) and analyzed for MCA
£uorescence which was measured at 380 nm excita-
tion and 440 nm emission.
3. Results
3.1. Measurement of stress-mediated turnover of
metabolically radiolabeled proteins
To check whether RAW264.7 cells are able to re-
spond on oxidative stress with an increased protein
turnover we treated the cells with various oxidants.
First we applied both bolus concentrations of hydro-
gen peroxide and a continuous £ux rate of hydrogen
peroxide and superoxide, generated by the xanthine/
xanthine oxidase system and measured the degrada-
tion of metabolically radiolabeled cellular proteins as
described before [5,6]. As one can see in Fig. 1A the
addition of bolus hydrogen peroxide concentrations
can change the turnover of endogenous radiolabeled
proteins dramatically. This e¡ect is well known from
other cell lines [5,6]. The maximum protein turnover
can be achieved with the moderate hydrogen perox-
ide concentrations (0.4 mM H2O2). Higher doses of
hydrogen peroxide treatment do not increase the
protein turnover further, but cause a decline. On
the other hand the continuous £ux rate of oxidants
from the xanthine/xanthine oxidase system is largely
unable to increase the protein turnover in the inves-
tigated macrophagial cells (Fig. 1B). This let us con-
clude that macrophagial cells are well protected
against continuous £uxes of oxidants in contradic-
tion to other cell lines [5,6,13].
Since under activating conditions macrophages
produce not only ROS but also nitrogen-based oxi-
dants, we tested the NO producing compound DEA-
NO and SIN-1 ^ a superoxide and NO generating
compound. In Fig. 2A the minor e¡ect of NO, a
weak oxidant, on the protein turnover is docu-
mented. It is well known that the oxidizing capability
of NO is potentiated in the presence of superoxide
anion radical. Therefore, we tested the e¡ect of the
superoxide and NO liberating compound SIN-1 (Fig.
Fig. 1. Overall proteolysis in RAW264.7 cells after treatment with hydrogen peroxide or xanthine/xanthine oxidase. Cells were culti-
vated as described in Section 2. The labeling procedure was performed for a 16 h time period using [35S]methionine. After removal of
non-incorporated label the release of radioactivity from the protein pool was measured as acid-soluble radioactivity. Percent degrada-
tion was calculated as: (acid-soluble counts3background)U100/(total radioactivity3background). The protein turnover 24 h after
treatment with hydrogen peroxide (A) or xanthine oxidase (B, xanthine: 0.4 mM) treatment is demonstrated. Data are means with
S.E.M. less than 8% of the value, n = 4.
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2B) and, since there is the e¡ect of peroxynitrite for-
mation expected, also the bolus addition of ONOO3
(Fig. 2C). In both cases a clear induction of increase
in intracellular protein turnover was measured, more
pronounced in the case of the bolus peroxynitrite
addition.
3.2. Determination of oxidized proteins
As in earlier studies we assumed [5^7] that the
increased protein turnover is due to the enhanced
formation of oxidized proteins, followed by a selec-
tive degradation of these oxidized, malfunctioning
proteins by the proteasomal system. To test this hy-
pothesis on the used RAW macrophages we mea-
sured the protein oxidation rate after treatment
with various oxidants. As one can see in Fig. 3A a
dose-dependent increase of carbonylic groups in the
protein pool was measured after hydrogen peroxide
treatment. At concentrations higher then 0.6 mM
hydrogen peroxide no further increase of protein car-
bonyls was found. Therefore, we tested the forma-
tion of protein carbonyls at the oxidant concentra-
tions increasing the protein turnover most.
Interestingly the concentration of protein carbonyls
is increasing in all cases, to a various extent (Fig.
3B), only to a limited extend re£ecting the increase
in protein turnover in the cells during the investi-
gated time. DEA-NO as an NO producing com-
pound has the lowest e¡ect on protein carbonyl for-
mation followed by xanthine/xanthine oxidase
system. A much stronger increase in protein carbon-
yls was found by hydrogen peroxide and peroxyni-
trite and SIN-1 (Fig. 3B).
3.3. E¡ects of RAW cell activation on protein
turnover and oxidation
Since macrophages produce during their activation
numerous oxidants we tested whether activation of
these cells is in£uencing the protein turnover and the
oxidation of the endogenous protein pool in these
cells. First we tested the oxidative burst in
RAW264.7 cells after PMA addition. As one can
see in Fig. 4A PMA is able to induce an oxidative
burst in RAW cells. Next we tested these cells for
protein degradation after PMA stimulation. For the
used PMA concentrations a clear dose-dependent in-
Fig. 2. Protein turnover in RAW264.7 cells after treatment with reactive nitrogen species. Cells were cultivated as described in Section
2. The labeling procedure, protein turnover measurements and proteolysis calculations were performed as described in Section 2. Reac-
tive nitrogen species are generated by addition of DEA-NO in the case of NO (A), SIN-1 in the case of O32 and NO (B), and by per-
oxynitrite (C). In the case of peroxynitrite the e¡ects of pre-decomposed peroxynitrite are demonstrated. The decomposed SIN-1 and
DEA-NO had no e¡ect on the protein turnover. Data are means with S.E.M. less than 8% of the value, n = 4.
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Fig. 4. E¡ect of PMA stimulation on RAW264.7 cells. (A) shows the oxidative burst of RAW264.7 cells after addition of PMA in
the presence of luminol (1:1000 dilution of 7.6 mg luminol/ml DMSO). The protein turnover of RAW264.7 cells within 24 h after
PMA stimulation is demonstrated in B. The formation of protein carbonyls during the oxidative burst (30 min after PMA addition) is
shown in C. The data in A represent one representative experiment, whereas in B and C the data are the mean of three experiments
(mean þ S.E.M., n = 3).
Fig. 3. Protein carbonyl formation after treatment of RAW264.7 cells with oxidants. (A) demonstrates the protein carbonyl content
determined in cell lysates (4 mg/ml) by ELISA [12] with modi¢cations [7] (see Section 2) after treatment of clone 9 liver cells with hy-
drogen peroxide (mean, S.E.M. less than 12%, n = 4). (B) demonstrates the protein oxidation at oxidant concentrations giving maximal
protein turnover rates (see Figs. 1 and 2). The following concentrations were used: 0.4 mM hydrogen peroxide, 10 Wg/ml xanthine
oxidase, 1 WM peroxynitrite, 0.1 mM SIN-1, and 0.6 mM DEA-NO. Data are means þ S.E.M. (n = 3).
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crease in proteolysis was found (Fig. 4B). Since this
might be due to the enhanced protein oxidation we
tested in these cells the protein oxidation status. As
demonstrated in Fig. 4C activation of RAW cells by
PMA is accompanied by an increase in the protein
carbonyl content. The level of 0.35 nmol/mg protein
is comparable to those achieved with 0.4 mM hydro-
gen peroxide.
3.4. Role of the proteasome in the degradation of
oxidized proteins after oxidative stress and
RAW cell activation
In earlier studies it was shown that the proteasome
is responsible for the degradation of oxidized pro-
teins [5^7]. Following this idea we assumed a key
role of the proteasome in the degradation of oxidized
proteins after oxidative stress or after activation of
RAW cells.
Therefore, we tested ¢rst the activity of the pro-
teasome after oxidative stress and PMA activation in
RAW cells. The results of these investigations are
presented in Table 1. Although the proteasomal ac-
tivity seems to be somewhat impaired after oxidative
stress more then 70% of the initial activity is remain-
ing. In the case of PMA activation no dramatic
change of the proteasomal activity was found. It
can be concluded that the proteasome is potentially
able to degrade oxidized proteins after the used
stresses.
In a next series of experiments we used the protea-
some speci¢c inhibitor lactacystin to verify the role
of the proteasome in the increased protein turnover
and the removal of oxidized proteins. In Fig. 5A the
in£uence of 10 WM lactacystin on the protein turn-
over is demonstrated. The oxidant-induced increase
in protein turnover is diminished by lactacystin,
whereas the basic turnover in these cells is only min-
imally a¡ected (Fig. 5A). Analogous results were al-
ready found using other cellular models [5^7]. On the
other hand it is important to know whether the in-
hibition of protein turnover is also connected with
attenuated presence of protein carbonyls in
RAW264.7 cells. In Fig. 5B it is demonstrated that
in the case of proteasome inhibition the removal of
oxidized proteins is prevented. Twenty four hours
after stress application protein carbonyls are almost
completely normalized in the case of an intact pro-
teasomal system, whereas in the presence of lactacys-
tin the protein carbonyls are still elevated.
Conclusively the proteasome is responsible for the
degradation of oxidized proteins in RAW264.7 cells
after oxidative stresses and after PMA stimulation.
4. Discussion
In the present study we found that macrophages
reacted on oxidative stress caused by several reactive
oxygen and nitrogen species with an increased pro-
tein turnover. Oxidants like H2O2 and NO are able
to cross the membrane and react with cellular com-
ponents such as proteins and lipids. NO is not a very
reactive radical, nevertheless several biological reac-
tions were demonstrated, although these reactions
might occur via peroxynitrite, a highly reactive com-
pound generated by the interaction of superoxide
anion and NO [14^16]. During radical-induced lipid
peroxidation lipid peroxides and new ROS are
formed, which can interact again with proteins.
This leads to oxidative modi¢cations of amino acid
side chains in proteins and consequently to changes
Table 1
Chymotrypsin-like activity of the proteasome after treatment of RAW264.7 macrophages with oxidants
Oxidative stress generating system Concentration suc-LLVY degradation
nmol/min/mg protein Control (%)
Control ^ 2.48 þ 0.34 100
Hydrogen peroxide 0.4 mM 1.69 þ 0.26 68
Xanthine/xanthine oxidasea 10 Wg XO/ml 1.74 þ 0.41 70
DEA-NO 0.6 mM 2.36 þ 0.18 95
SIN-1 50 WM 2.19 þ 0.43 88
Peroxynitrite 1 WM 1.86 þ 0.37 75
PMA 2 WM 2.53 þ 0.48 102
aThe xanthine concentration used was 400 WM.
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of protein properties, like enzymatic activity, normal
folded structure including an increase of surface hy-
drophobicity [4]. Since numerous of direct protein
oxidation reactions result in the formation of car-
bonylic groups within proteins [17,18] and further-
more several modi¢cation reactions by oxidized alde-
hydic lipid peroxidation products give the same
result [4], the measurement of protein carbonyls
was taken as one possible way to judge the protein
oxidation status [19]. In RAW264.7 cells we were
able to determine an increased protein carbonyl con-
tent after treatment with various oxidants. This in-
dicates an incomplete protection of the endogenous
protein pool against the attack of exogenous oxi-
dants. Furthermore even endogenous formed free
radicals ^ by stimulation of the oxidative burst ^
are able to generate protein bound carbonyls. Since
mammalian cells prevent the accumulation of oxi-
dized malfunctioning proteins [4,7] the increase in
protein carbonyls was followed by an increased pro-
tein turnover. It was ¢rst postulated [20,21] and later
on shown [5^7,22] that the degradation of oxidized
proteins is one of the functions of the proteasomal
system. This system is abundant in eukaryotic cells
and ful¢lls several functions, including the selective
recognition and degradation of oxidized proteins
[4,23]. Although it still remains unknown which pro-
tease of the proteasomal system is able to ful¢ll this
function in viable cells, several facts indicate a role of
the 20S proteasome [4,20,21,24^26]. This 20S form of
the proteasome is able in isolated systems selectively
to recognize and degrade oxidized proteins [24^26]. It
was shown that this recognition is due to a partial
unfolding of the substrate protein, followed by the
exposure of hydrophobic moieties to the protein sur-
face which are consequently recognized by the pro-
tease [8,9].
Since macrophagial function includes the forma-
tion of numerous reactive oxygen and nitrogen spe-
cies, which interact and form a large variety of oxi-
dizing agents, it is interesting to know ¢rst, whether
macrophagial proteins are well protected against the
damaging in£uences of the oxidants formed by acti-
vation and second, whether continuous £ux rates of
oxidants (as generated in in£ammatory sites by other
cells) are able to oxidize the protein pool. Continu-
ous £ux rates of oxidants, like those generated by the
xanthine/xanthine oxidase system, are not able to
increase protein turnover and protein carbonyl con-
tent substantially. Bolus additions of hydrogen per-
oxide and peroxynitrite were more e¡ective. Since the
activation of macrophagial cells was followed by
protein oxidation, it is important to know whether
these cells are able to remove the oxidized proteins
Fig. 5. Role of the proteasome in the degradation of oxidized proteins in RAW264.7 cells. The protein turnover (A) and the protein
carbonyl content (B) 24 h after treatment were measured in the absence or in the presence of 10 WM lactacystin, a proteasome speci¢c
inhibitor. The experiments were performed as described in Section 2. Lactacystin was added directly after the treatment with the oxi-
dants. The following oxidant concentrations were used: 0.4 mM hydrogen peroxide, 1 WM peroxynitrite and 2 WM PMA. Data are
means þ S.E.M. (n = 3).
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selectively. As it was demonstrated within a few
hours after oxidation RAW264.7 cells were able to
remove oxidation markers from their protein pool by
means of the proteasomal system.
Therefore, we concluded that although the macro-
phagial protein pool is oxidized during activation,
the cells are able to remove these oxidized proteins
selectively.
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